Serotype 1 pneumococci are a major cause of serious disease and have been associated with outbreaks but are rarely carried. The high attack rate and lack of coverage of this serotype by the heptavalent conjugate vaccine prompted the characterization of a geographically diverse collection of 166 serotype 1 isolates from recent cases of invasive disease. The isolates were resolved by multilocus sequence typing into 16 clones, which clustered into three major lineages with very different geographic distributions. Lineage A isolates were exclusively from Europe and North America, lineage B isolates were predominantly from Africa and Israel, and lineage C isolates were mainly from Chile. There was no clear association between the presence of individual clones within a country and the prevalence of serotype 1 disease.
Serotype 1 has remained one of the most common pneumococcal serotypes causing disease since its description and association with serious pneumonia in 1913 (5), although its rank order among serotypes causing invasive disease differs among countries and has changed over time within countries (13) . It is one of the few pneumococcal serotypes associated with outbreaks of disease in small or closed communities (3, 4, 11, 12, 18, 20, 22, 26) , and increases in serotype 1 disease have been associated with nationwide increases in invasive disease (14, 16) . Three recent reports have indicated that serotype 1 pneumococci are the most common cause of complicated pneumonia and pulmonary empyema in children (2, 7, 28) , and serotype 1 has been associated with rare disease syndromes such as peritonitis and salpingitis in adolescent girls (19, 25, 30) .
Streptococcus pneumoniae is commonly carried in the nasopharynges of healthy children and adults; however, a characteristic epidemiological feature of serotype 1 is that it is very rarely found among healthy carriers, even in locations where serotype 1 frequently causes invasive disease (11, 14, 18, 21, 27) . The fact that serotype 1 is among the most common causes of invasive disease in many parts of the world, although it is rarely carried by either adults or children, and the ability of serotype 1 to cause outbreaks suggest that this serotype has an unusually high attack rate.
The ability to differentiate pneumococcal capsular types has allowed investigators to explore the serotype-specific epidemiology of pneumococcal disease in different countries. These studies have informed the development of the conjugate vaccines, as the vaccines cover those serotypes most commonly recovered in cases of invasive disease (13) . However, the currently licensed pediatric heptavalent vaccine does not provide protection against serotype 1 disease, although higher-valency vaccines will do so. The prevalence of serious disease caused by a serotype that appears to have a high attack rate and that is not covered by the currently licensed conjugate polysaccharide vaccine is of some concern, particularly because the use of conjugate vaccines may influence the extent to which individual serotypes are carried and transmitted within a community. Therefore, we explored the clonal diversity of invasive serotype 1 pneumococci and attempted to determine whether specific clones are associated with the high prevalence of serotype 1 disease in certain parts of the world.
MATERIALS AND METHODS
The study collection was acquired from colleagues in 16 locations who were asked to contribute their 10 most recent invasive serotype 1 S. pneumoniae isolates to this study. We also requested data on the rank order of serotype 1 pneumococci causing invasive disease in their local regions during the time the isolates they submitted to this study were recovered. All pneumococcal isolates were identified in their respective microbiology laboratories by standard microbiological techniques. Isolates were sent to the University of Oxford, where the serotype was confirmed by the Quellung reaction using a serotype 1 antiserum (Statens Serum Institut, Copenhagen, Denmark), genomic DNA was extracted using the DNeasy tissue kit (Qiagen, West Sussex, England), and molecular typing was performed. A reference strain of serotype 1 S. pneumoniae (NCTC 7465), deposited in the National Collection of Type Cultures, London, United Kingdom, in 1948, was also included in the study collection.
The pneumococcal isolates were characterized by using multilocus sequence typing (MLST), a precise method of genetic characterization which involves PCR amplification and sequencing of internal fragments of seven housekeeping genes, aroE, gdh, gki, recP, spi, xpt, and ddl, to identify the allele at each locus (8) . The different alleles (sequences) are assigned numbers, and the allele numbers at the seven loci indicate the allelic profile, or sequence type (ST). A clone (ST) is defined as a group of S. pneumoniae isolates that have the identical MLST allelic profile. All of the allele and ST designations are given according to the MLST website (http://www.mlst.net).
RESULTS
Each collaborator provided 7 to 14 unique patient isolates of serotype 1 S. pneumoniae, resulting in a study collection of 166 isolates from 14 different countries (Table 1 ). The pneumococci were recovered from patients with invasive disease and were isolated from normally sterile body sites, primarily blood (82.5%) and cerebrospinal fluid (15.1%). The isolates were collected from patients who were 11 days to 85 years old. The proportion of isolates in each of three age groups was as follows: Յ5 years, 27.1%; 6 to 64 years, 56.0%; Ն65 years, 13.9%. For 3.0% of isolates, the ages of the patients were unknown.
Sixteen different STs (clones) were identified among the entire collection of S. pneumoniae isolates, but six clones, STs 306, 227, 217, 228, 615, and 304, made up nearly 90% (n ϭ 147) of the collection ( Table 2 ). The STs clustered into three major lineages (A, B, and C) ( Fig. 1 ), defined as a group of STs that shared four or more alleles. Lineages B and C also appeared to be related, since most of the STs in these two lineages shared alleles at three of the seven loci (Table 3) . Interrogation of the pneumococcal MLST database identified only an additional four STs of serotype 1, and these also clustered within the same three major lineages. The same groupings could be obtained by using BURST (available at http://www.mlst.net), and ST217 was assigned by BURST as the ancestral genotype from which the other STs of lineage B arose. Robust predictions for the ancestors of lineages A and C could not be obtained.
There was a striking geographic structure within the lineages. All 110 isolates within lineage A were recovered from Europe, the United States, or Canada, whereas 82.1% (32 of 39) of the isolates of lineage B were from Africa or Israel. There were relatively few isolates in lineage C, and most of on September 7, 2017 by guest http://jcm.asm.org/ these were members of ST615, which with one exception was recovered exclusively from South America (Table 3) . Lineage A included two major clones, ST227 and ST306, whose distribution also showed a marked geographic structure (Table 3) . Of the isolates from England and North America, 79.2% were members of clone ST227, including all eight isolates from the American Navajo Indians and three isolates from the Canadian Inuit, the aboriginal inhabitants of the North American Arctic. All of the isolates submitted from Toronto belonged to ST227. Conversely, 95.1% of the ST306 isolates were from continental Europe ( Table 2) . Besides ST306, two other major clones within lineage A, ST228 and ST304, were recovered predominantly from continental Europe. Twelve ST228 isolates were from continental Europe, and the remaining three were from Quebec, a province with close links to France. Similarly, of the 10 ST304 isolates, 8 were from continental Europe and 1 was from the province of Quebec. Together, these three clones (STs 306, 228, and 304) comprised 80.8% of all continental European isolates.
Within lineage B, one major clone, ST217, predominated in Kenya, South Africa, and Israel; 70.6% of the 34 African and Israeli isolates belonged to ST217. Three closely related STs, identical to ST217 at six of the seven loci, described a further eight isolates, all of which were recovered in Africa or Israel. There were relatively few isolates within lineage C, the majority of which were from Chile and were assigned to clone ST615. The NCTC type strain of serotype 1 was also found to be a member of this clone.
The rank order of serotype 1 among serotypes causing in- 
DISCUSSION
For nearly a century, serotype 1 has consistently ranked among the most prevalent pneumococcal serotypes causing severe disease in both children and adults worldwide. However, in contrast to most other invasive serotypes, serotype 1 is very rarely recovered from healthy carriers. The disparity between the extent of disease and the extent of carriage suggests that serotype 1 pneumococci have a high attack rate; acquisition is rare, but if the organism is acquired, there is a much greater chance of progression to invasive disease than with most other serotypes. It could be argued that the inability to observe serotype 1 in carriage is an artifact of cross-sectional carriage studies (e.g., it could be acquired frequently but very rapidly cleared from the nasopharynx), but a high attack rate is Only two previous studies have used molecular methods to explore clonal diversity in serotype 1 pneumococci. The first was a study of pediatric isolates from Israel in 1995 to 1999, where serotypes 1 and 5 were the most common pediatric invasive serotypes during the 10 years prior to the study. Sixtysix invasive isolates and 13 carriage isolates (representing 0.3% of the 4,600 carried pneumococci isolated) were analyzed by pulsed-field gel electrophoresis (PFGE), and all were considered to belong to a single clonal type (21) . The second molecular study was from Sweden (14) and was undertaken in response to a significant nationwide increase in invasive pneumococcal disease from 1989 to 1997. All serotype 1 isolates recovered in Sweden in 1987 (n ϭ 3), 1992 (n ϭ 6), and 1997 (n ϭ 51) were characterized by PFGE, and 20 were subsequently selected for MLST characterization. Sixty-seven percent of the type 1 isolates from 1997 belonged to ST306, and this clone was not detected in either 1987 or 1992; therefore, a 10-fold nationwide increase in serotype 1 invasive disease was attributed to the appearance and increase in prevalence of clone ST306. Swabbing the nasopharynges of children in day care centers in Stockholm during the time when serotype 1 disease was increased resulted in no recovery of serotype 1 isolates among 246 pneumococcal strains carried.
The very low carriage of serotype 1 pneumococci may lead to more distinctive geographic differences in the clones that circulate than are found for other pneumococci. The movement of people between countries or continents frequently transfers clones of the commonly carried serotypes, but this effect would be expected to be very much less for serotype 1, as it is so rarely carried. Indeed, there was a striking geographic structure among the major serotype 1 lineages, with marked differences in the geographic distribution of individual clones. This structure was most apparent in lineage A, where the clones recovered from continental Europe were different from those recovered from North America and England.
The very low prevalence of serotype 1 carriage is also expected to have other consequences. Selective pressures for the emergence of antibiotic resistance, exerted mainly on the nasopharyngeal flora of children, should be low in serotype 1 compared to that in the commonly carried serotypes. As expected, low levels of antibiotic resistance have been reported among serotype 1 isolates in several countries where this serotype is commonly recovered in cases of disease, including those where the overall prevalence of antimicrobial resistance among pneumococcal isolates is high (2, 14, 17, 21, 23, 24) . Resistance was low among all of the six major clones described in this study and at least three of the minor clones (14; N. Porat, R. Reinert, and A. Wasas, personal communication; http://www.mlst.net).
Serotype 1 clones may be more stable than those of other serotypes, as diversification of the genome of pneumococcal clones occurs mainly by the accumulation of small recombinational imports from other pneumococci (9) , which requires concomitant colonization by isolates with distinct genotypes. This would be expected to be rare for serotype 1; however, a larger data set would be required to determine whether recombination is a less frequent mode of evolutionary change among serotype 1 isolates than among other pneumococci.
We had hoped to be able to identify an association between the prevalence of serotype 1 invasive disease within a country and the predominance of individual serotype 1 clones. Serotype 1 ranked among the most common serotypes causing invasive disease in the countries from which this collection of pneumococci was obtained, with the exception of North America, but including American Navajo Indians. ST306 and ST217 are prevalent clones in continental Europe, Africa, and Israel, and all of the countries in which either of these two clones is found rank serotype 1 among the most invasive serotypes. However, ST227 is the most common clone in England, the United States, and Canada, yet while serotype 1 ranks 2nd in England, it ranks only 15 to 17th in North America. Thus, among this diverse collection of serotype 1 isolates, it was difficult to conclude that any one clone is more likely than any other to be responsible for the prevalence of serotype 1 invasive disease.
